Abstract: Ship position control is enabling extraction of oil and gas from hitherto inaccessible locations and in extreme conditions. It is now also assisting in the deployment and maintenance of installations for the burgeoning offshore renewable energy industry.
Introduction
Dynamic positioning (DP) is a method of maintaining the position and heading of a vessel without the need for anchors. DP found its earliest applications in the early 1960s. Since then, the number of applications and number of DP systems have increased exponentially. The exploration and exploitation of oil and natural gas presented the first driving forces behind the development and deployment of DP. The expansion of oil and gas operations into increasingly inaccessible and inhospitable areas has resulted in DP being the only viable method of operation in many cases. At the same time, a wealth of new applications has arisen, including the laying of transoceanic cables and pipes, scientific research and salvage work. DP is also helping the ecology of the planet. The latest cruise ships (e.g. the Queen Mary 2) include DP systems for station keeping in ecologically sensitive areas, where the use of anchors could damage irreplaceable coral reefs. A new generation of wind turbine installation vessels is being prepared for the intensive building which will be required in order to meet the needs and plans for offshore wind power. These vessels will make use of DP to speed up such installation.
The object of a DP system is not to hold the vessel absolutely stationary, but to maintain its station within acceptable limits (Grimble et al., 1979) . At the same time, it is required to minimise the control effort and wear and tear on the thruster components. The magnitude of the permitted position variation is dependent not only on the application but also on the operations in progress on a particular day. For example, a supply vessel might require positioning accuracy of a few metres when alongside a rig for offloading, but will only require to be within, say, a hundred metres if standing-by.
The prevailing weather has a significant effect on the vessel. Wind and current forces act as input disturbances to the system, pushing the vessel away from its station, and these must be counteracted by the control system. On the other hand, first order oscillatory wave forces are usually greater than the full thruster force available. If the control system attempts to counteract these forces, the thrusters will be completely overloaded. It is therefore important to filter out oscillatory motions due to waves. The remainder of the paper outlines the elements of a DP system and describes some of the most advanced technologies used in each area. These are accompanied by discussions of some of the challenges which are faced.
Anatomy of a DP System
A DP system is a closed-loop control system and as such it requires three fundamental components: sensors to measure the controlled variables; a controller to provide control demands; and actuators to effect the control.
The operation of a DP system is often critical: lives may depend upon it. It is therefore imperative that the system is able to function safely even after a fault. For safety critical operations, physical redundancy of systems is a legal requirement. Specifically, three independent means of measurement, control and actuation must be employed for Class III operation in which life is at risk where 'independent' means having no common mode of failure (DetNorske Veritas, 2004) . Figure 1 shows a typical arrangement for a Class III triple voting DP system. Every critical system is triplicated. At each interface, the three independent signals are used in a voting scheme to determine the value to use. For example, three gyrocompasses are provided to measure ship's heading. The three heading measurements are fed to the DP controller which uses a 'vote' to determine the measured heading. In practice, the vote is implemented by taking the median of the three signals.
In this manner, if one gyrocompass fails, the other two Themed Paper: From submarines to sunspots: challenges in ship position control will 'out vote' the failed component. This voting scheme extends to the thrusters: each thruster receives three demands from the three DP systems and uses the median of the three for its reference. This ensures that a fault in one DP is not propagated to the thrusters. The following sections describe some of the recent innovations in DP systems, in terms of measurements, actuators and control. These innovations have helped to solve some of the problems that have faced DP manufacturers, ship owners and operators and have also introduced new requirements and new possibilities for control. However, there are still challenges to be met.
Position Measurement Systems
Position measurement systems (known as 'PMEs' from 'position measurement equipment') are, perhaps, the most demanding of the components required of a DP system.
The need for redundancy, in terms of maintaining safe operation in the event of any single failure, leads to a requirement for multiple measurement systems using completely different techniques and physical media. This section examines some of the technologies available and looks at their advantages and deficiencies.
The requirement for any DP measurement system is to measure the position of a floating vessel relative to the earth. This is challenging because the vessel is free to move on the ocean surface, whilst the 'nearest' fixed point is accessible only through a rather unforgiving medium-sea water.
Position measurement systems utilise a wide array of techniques, from satellite systems to physical wires (Fay, 1990) . The following sections outline some of the more important measurement systems for DP.
Gyrocompass
The measurement of heading is usually achieved using one or more gyrocompasses. These devices have a long history, are reliable and accurate. It was the gyrocompass that heralded the era of the three-term proportional-integral-derivative (PID) controller when Nicolai Minorsky introduced his automatic ship steering controller in 1922 (Minorsky, 1922) (Bennett,1993) .
Each gyrocompass is self-contained and independent of others. Therefore, physical redundancy with independence is achieved by simply adding more units, perhaps from different manufacturers to avoid systematic failure.
Global navigation satellite systems
Today, most people are familiar with the wondrous system known to most as GPS (global positioning system), which is a particular example of a global navigation satellite system (GNSS). In fact, at present, the GPS is the only fully-operational GNSS. The past few years have seen GPS become a part of everyday life in the form of vehicle positioning and navigation. Its use in marine systems dates back many years since it offers a particularly convenient solution to the vessel measurement problem.
GNSSs operate from a constellation of satellites in orbit around the earth. Each satellite carries an ultra-accurate Caesium clock from which it broadcasts a time signal, along with data about the orbit and position of the satellite itself, called the 'ephemeris'. The time signal is used by the receiver to estimate a range from the satellite. By combining the ranges from a number of satellites it is possible to estimate a position on the earth.
The GPS, operated by the US Department of Defense, consists of a 24-satellite constellation with seven spares making a total of 31 satellites. These are positioned at an altitude of 20200 km. The Russian GLONASS GNSS has a nominal 24 satellites at an altitude of 19100 km. Only 21 are currently operational, with further launches planned to reach 24 in 2012. The European Galileo system is planned to reach 16 satellites in 2014 and 30 by 2020. China also have a system, called Compass, which will cover the Asia-Pacific region by 2012 and is planned to have global coverage by 2020. It seems like an ideal solution to the measurement of position. There are, however, drawbacks. The use of satellites thousands of kilometres from earth ensures that the signals are available anywhere in the world. However, the fact that they are so far away means that their signals can be distorted or interrupted. The power of a GPS signal measured on the earth is 10−16 W/m2, which is equivalent to a 40 W light bulb at a distance of 10000 miles (Larsen, 2009) . The weakness of the signal, and the distance that it has to travel mean that it is susceptible to a phenomenon known as 'ionospheric scintillation'. The ionosphere is a layer of ionised molecules in the upper atmosphere, above the troposphere, through which the signals from GNSS satellites must pass. The ionised particles slow down the radio signals and introduce phase delays. Disruptions to the ionosphere in the form of storms or 'bubbles' alter the apparent range and phase of the signals reaching the receiver. This, under severe conditions, can result in incorrect position measurements or complete loss of signal (Kintner et al., 2009) .
It has been observed that ionospheric scintillation occurs most often at the tropics and during periods of high sunspot activity. There is a well-documented sunspot cycle (Hathaway et al., 1999) which gives rise to maximum sunspot activity about once every eleven years. The last sunspot maximum occurred around 2000 and 2001. The next sunspot maximum is predicted to be slightly late and should occur in 2013 or 2014, see Figure 2 .
A further threat to GNSS signals is that of jamming. It has been stated (Larsen, 2009 ) that a small jamming transmitter tuned to the main carrier frequency of a GNSS signal can overwhelm receivers in a large area. For example, a 1 W transmitter has been shown to jam GPS signals in a 100 km radius. There is also evidence that electromagnetic interference from faulty electronics has jammed local GPS receivers.
Recent advances in GNSS receiver technology, and the new systems being put into place, will mitigate the threats to GNSS signals, but as all GNSSs rely on the same medium (i.e. electromagnetic waves through the atmosphere) they cannot be www.instmc.org.uk Themed Paper: From submarines to sunspots: challenges in ship position control regarded independent of each other. Therefore, there will always be a requirement for alternative forms of measurement.
Acoustic positioning systems
Of the various forms of radiation, sound is perhaps the best at travelling through water. As a result of this characteristic, underwater sound has been used for many applications. The use of these techniques in a formal process is known as 'sonar' or 'acoustic systems'. The term 'sonar' is an acronym derived during World War II for application to military systems, and is formed from the words 'sound', 'navigation' and 'ranging'. Acoustic positioning systems were developed in the 1950s and 60s to provide support to various research projects and activities. Over the years, prompted by demand from the offshore energy industry, acoustic positioning and tracking systems have played an increasingly important role (IMCA, 2009) .
Acoustic positioning systems measure ranges and directions to beacons on the seabed. By combining measurements they are able to determine the position of the vessel relative to the beacon or beacons.
The first acoustic systems used a single tone from the transponder on the vessel to the beacons on the sea bed. The introduction of low cost and low power digital signal processors has enabled manufacturers to take advantage of spread spectrum technology and to develop acoustic applications. The signal path resolution and the precision of the timing by the system, are directly proportional to the bandwidth used. The bandwidth is significantly greater for a spread spectrum technique than for traditional methods. The spread spectrum signal also uses less power. In terms of the signal power, the spread spectrum signal requires relatively low power across a relatively wide bandwidth.
Wide band spread spectrum techniques offer the following advantages over narrow band:
• Improved resistance to multi-path errors: the use of a reference code in the signal and correlation techniques in detection ensure a well-defined measurement of time of arrival which enables multi-path signals to be rejected more easily.
• Improved signal to noise ratio: signal correlation techniques provide enhanced signal to noise ratio over traditional methods, enabling the systems to be effective in deeper water and harsher environments.
• Improved signal accuracy: improvements in accuracy enhance the overall ability of the DP system to perform its function. Acoustic systems do have significant limitations. Their reliance on sound travelling through water makes them susceptible to noise interference from other sources in the water. For example, propellers and thrusters can introduce noise, as well as, occasionally, bubbles from cavitation, which distort the acoustic signals. The accuracy and reliability of acoustic position measurements deteriorate with distance from the beacon. This makes deep water operation particularly difficult. The current practical limit for DP using acoustics only is a water depth of about 3000 m.
While an acoustic system is independent of a GNSS, two acoustic systems are not independent of each other due to the common medium. Therefore, yet more measurement systems are required.
Inertial navigation systems
Inertial navigation systems make use of gyroscopes and accelerometers to maintain estimates of the position, velocity, attitude and attitude rates of the vessel. Early systems used gimballed platforms to isolate the accelerometers from rotation. Today's strapdown systems rely on mathematical computation and correction for effects of rotation-including that of the Earth.
A typical INS will include an inertial measurement unit (IMU) containing a cluster of accelerometers and gyros that sense linear acceleration (typically in three orthogonal directions) and rotation rates, respectively. The acceleration measurements provided by the IMU are processed to compensate for sensor errors and gravity and are then integrated twice to provide an estimate of velocity and position. The inherent noise in the acceleration measurements and other inaccuracies result in unavoidable drift of the position estimates provided by the INS. A position estimate that is based solely on an INS is sometimes referred to as an 'unaided' position estimate because of the unavoidable drift.
It is therefore usual for the drift to be compensated by combining the INS position estimates with independent position measurements provided by another PME. Typically, a Kalman filter is used to combine the position estimates from the INS and the position measurements from the other PME in order to identify and maintain an estimate of offsets and drifts in the accelerometers and gyros. Such an arrangement is often referred to as 'PME aided INS' because it provides an 'aided' position estimate where the drift is at least partially compensated for.
The speed of drift of position estimates during periods when the position estimates provided by the INS are not being compensated (e.g. because of PME outage or failure) is dependent on the technology used for the accelerometers and gyros within the IMU, as well as the quality of the devices used.
Submarines which need to remain undetected must remain submerged for long periods, perhaps months. During this time they have little or no access to position measurements. Although there are limited means of correcting their position periodically, they rely largely on unaided INS measurements and their IMUs must be of the highest quality, with minimum drift. These units are prohibitively expensive and, usually, unobtainable for commercial users.
There are, however, commercial INSs available. The best of these cost around £80000 each. The likely drift of such a unit has been investigated by Stephens et al. (2008) . The drift after about 60 s has been found to be less than about 2 m and the drift after 120 s is likely to be less than about 5 m. This suggests that an INS can be used to provide unaided position estimates for short periods without the need for any sort of drift compensation.
The challenge for INS manufacturers is to improve the inherent drift in the INS positions, while reducing their cost. This is a particular challenge on a constantly moving platform like a ship. In the absence of other independent position measurements, the use of an INS as a backup for short term outages is an area of ongoing research (Stephens et al., 2008) (Larsen, 2009) .
The next section proposes a method of combining inertial measurements for fault detection of other position measurements.
Combining Sensors for Improved Fault Detection
The integrity of a DP system using redundant measurement systems can only be assured if a failure of one or more of the measurement systems can be detected and isolated. It can be difficult to detect faults in PMEs. Various methods are known including median checks, step detection and noise detection. However, the most reliable Themed Paper: From submarines to sunspots: challenges in ship position control method for fault detection relies on having multiple PMEs to allow a comparison of different position measurements. When the DP system uses only one or two PMEs then the methods for fault detection are limited. For example, with only two PMEs then a drift fault on one of them can be detected, but the faulty PME cannot be identified without further information (Stephens, 2004) .
There is, therefore, a need for an improved fault detection system for PMEs. Such an improved fault detection system could be used in a DP system where reliability is extremely important such as for drilling vessels, shuttle tankers and supply vessels.
This section describes a method of using the inertial measurements from an IMU to detect the presence of a fault in one or more PMEs. The method stores the inertial measurements from the IMU and uses them to derive independent 'unaided' position estimates on the basis that the PME was operating correctly at some previous time and that any short term drift in the unaided position estimates is small compared to the error or discrepancy that is to be detected. If there is a fault in the PME then this will result in an error or discrepancy between the position measurement and the unaided position estimate. The detection of an error or discrepancy can therefore be used to check if the PME is operating properly or not. Figure 3 shows a block diagram of the method. The fault detection method assumes: (i) that at some previous time (e.g. N + 1 seconds ago) the PME was operating properly such that the position measurement provided at that previous time (e.g. at t − (N + 1)) was error free, and (ii) that the drift in the inertial measurements provided by the IMU since that previous time (e.g. for the last N + 1 seconds) is small compared to the error or discrepancy to be detected.
The larger the value of N the better the discrimination of faults such as drift. With a linear drift rate of r m/s the residual will be N.r m so making the value of N larger improves the noise rejection. The practical value of N that can be used depends on the quality of the IMU and the required fault detection rate. For a typical commercial IMU it is expected that a value of N = 60 s could be used to detect errors of perhaps 6 m or more.
The inertial measurements provided by the IMU will normally include linear accelerations (typically in three orthogonal directions) and rotation rates. These can be combined to form an acceleration vector a(t). Inertial measurements and position measurements are stored in separate buffers. If more than one PME is used then each will have its own buffer for storing its respective position measurements.
An inertial measurement provided by the IMU (e.g. for a time t−(N+1)) is combined with a position measurement provided by the PME (e.g. for a time t−(N+1)) to derive an aided position estimate. The aided position estimate is then used as a start condition to derive the unaided position estimate.
At each iteration of the fault detection method (typically once every second) the following steps are carried out for a time t:
• An aided position estimate for time t − (N + 1) (e.g. x 1 (t − (N + 1))) for that iteration is derived by combining an inertial measurement for time t − (N + 1) (e.g. acceleration vector a(t − (N + 1))) and a position measurement for time t − (N + 1) (e.g. position measurement p(t − (N + 1)) ).
• The aided position estimate for t−(N +1) (e.g. x 1 (t−(N + 1))) is used as a start condition to a process that derives the unaided position estimate from stored inertial measurements for time t−N to time t (e.g.
the buffered acceleration vectors a(t−N). . .a(t−1), a(t)). For each iteration the buffered acceleration vectors a(t −N). . .a(t−1), a(t) can be used to derive a series of unaided position estimates x(t − N). . .x(t − 1), x(t) for all time steps between t − N and t.
The step of comparing the unaided position estimate with a position measurement provided by the PME to determine if there is a fault in the PME may be implemented in many different ways and may make use of all or part of the buffered position measurements p(t − N). . .p(t − 1), p(t) or just one of the unaided position estimates (e.g. p(t)).
Possible fault detection techniques might look for discontinuities or particular variations (e.g. step changes) in the distribution of the error between all or part of the series of unaided position estimates and the series of position measurements over time.
The aided and unaided position estimates are derived using a Kalman filter (KF). For both the aided and unaided position estimates it is important to note that the KF uses inertial measurements provided by the IMU that can be combined to form an acceleration vector a(t) to derive an estimate of position. A preliminary step might therefore include deriving an inertial solution in the form of position and velocity estimates from the inertial measurements. 
Actuators
In order to achieve adequate control of the vessel, the actuators must provide the thrust requested by the control system accurately and in a timely manner. This is achieved via thrust elements on the vessel. These can be tunnel thrusters, azimuth (rotatable) thrusters, main propellers, rudders or water jets. Classification of vessels requires redundancy of thrusters. It is important from a DP perspective that the thruster arrangement is capable of producing forces and turning moments suitable for the work that the vessel will perform and for the environmental conditions it will encounter. The initial stage of design, before the vessel has been built, includes the calculation of a 'capability plot' showing the ability of the vessel to counteract environmental disturbances.
The actuator system includes the power system which provides power for DP. In the past, main propulsion had dedicated diesel engines driving the thrusters mechanically. Now, integrated electric propulsion means that the propulsion units are electrically driven with the power derived from generators that also supply the other ship services.
One aim of shipyards is to drive down the cost, size and weight of all items installed on a vessel. In the case of thrusters and power systems, a number of technologies are under development to help to achieve this aim. Firstly, advanced converter technology is already available to improve the flexibility and reliability of electrically driven thrusters. This improved fault tolerance enables the ship designer to reduce the total installed thrust and/or installed power generation while still meeting the requirements of the classification society. This is because the level of installed thrust is governed by the capability of the vessel following the most severe single failure (Stephens and Childs, 2010) .
The next section examines a new development in electric motors and their control, which promises to reduce size, weight and cost of thruster drives.
Advanced propulsion motor
The advanced propulsion motor (APM) under development by Converteam and the Royal Navy has the potential to reduce the overall size and weight of propulsion units by a significant amount (Loddick and Watson, 2010) .
The APM uses the so-called 'active stator' brushless DC machine technology. It differs from brush commutated DC machines by having a field that rotates about a stationary armature, and a stationary electronic commutator that employs power electronics for active control. The switching sequence of the electronic commutator provides phase rotation. The APM is essentially a DC machine turned inside out with the field winding on the rotor and the armature winding on the stator. The passive mechanical commutator of the DC machine is replaced by an actively controlled electronic commutator.
During the development of the drive it became clear that there were no existing motor control schemes that could be directly applied to the active stator machine. DC machine control was chosen as a good starting point for developing the control scheme for the APM.
The control scheme of a DC machine is straightforward because the flux and armature current are independently controlled. Figure  4 shows a block diagram of a typical DC machine controller. The armature control varies the armature current to control the machine torque, and the field control varies the field current to control the motor flux. The machine can be operated above base speed by field weakening. The aim of AC machine vector control is to achieve the same control as for DC motors. Figure 5 shows a simplified block diagram for the control of the APM. The following sections describe the control in more detail.
Field control
Field control for the APM is similar to a DC machine, the active stator machine field is controlled separately from the torque. An outer control loop regulates the machine flux to its rated value up to base speed and weakens the flux above base speed. The flux controller outputs a field current reference for the field current controller which regulates the machine field current. The inner field current control loop has a higher control bandwidth than the outer flux control loop.
Armature control
Armature control is again similar to the DC machine, the active stator machine torque is controlled separately via the DC link current (armature) control. For a speed controlled drive, the speed controller controls the machine shaft speed and outputs a torque reference. A DC link current reference is derived from the torque reference command.
The DC link current controller controls the DC current into the stator of the machine via the electronic commutator. By controlling the DC current injected into the stator (armature) of the machine, the machine torque can be controlled.
Owing to the large field time constant, the field current response can be slow during transients. To improve the dynamic performance Themed Paper: From submarines to sunspots: challenges in ship position control of the machine during these transients, a component of the magnetizing current can be transiently injected via the stator current to compensate for the field current's slow response. For a given operating flux level, maximum torque per ampère is obtained by controlling the commutator firing to inject stator current at 90_ (electrical) to the stator flux vector.
Commutator control
The electronic commutator is controlled to mimic the mechanical commutator of the DC machine. The electronic commutator is phase controlled by controlling the firing delay angle. An analogy can be drawn between the firing delay angle of the electronic commutator and the position of the brushes on the DC machine. Unlike most DC machines, where the position of the brushes is fixed, the electronic commutator has an extra degree of freedom in variable brush position (firing delay angle control).
Unlike DC machines, where torque reversal is achieved by either reversing the polarity of the field or armature current (DC current), the active stator machine DC link current is unidirectional. Torque reversal is achieved by reversing the polarity of the DC link voltage through firing delay angle control.
Control Calculation
There is a wide choice of methods for control calculation. Actual and proposed systems have included PID control (Barton, 1978) , Kalman filters with state variable feedback (Balchen et al., 1980) , fuzzy control (Stephens et al., 1995) , and H ∞ robust control (Katebi et al., 1997) . The most highly commercialised of these is the Kalman filter controller. There are hundreds of DP systems which use this technology and which work remarkably well. Fundamentally, a vessel is a lightly damped mass dominated by disturbances. The determining factor in the performance of such a system is the ability to measure positions, velocities and (possibly) accelerations and to apply control action in a reliable and timely manner.
If there are challenges on the side of the control algorithms, they lie within integration with other systems. According to Newman (2007) , from 2003 to 2006 out of 30 red or yellow DP 'events', 46% of them were due to the power system. This leads to the conclusion that further integration should be a major goal, whether it be with the power plant, the measurement systems, the actuators or with any of the systems required by the DP.
We have seen in the preceding sections, that the measurements and actuators are becoming more sophisticated and more autonomous. But this does not mean that the DP system itself can be reduced in complexity. Far from it. It must now be able to interpret more data and interact with these devices more fully. With greater integration there is a possibility to make more informed and safer decisions. Newman (2007) also reported that 30% of DP events were due to human error. This leads to a further challenge for DP: simplicity for the operator. The aim should not be to take over decision-making from the operator, but to enable him or her to take the correct actions more quickly and more often under normal and fault conditions. All too often, advanced control techniques concentrate on improvements in performance. Faults conditions are considered at the end of the design and dealt with using multiple if...then...else constructs. This often makes it difficult for operators to understand how the system will operate during fault conditions, which can lead to the operator doing exactly the opposite of what is required at the most crucial of times.
A further driver of greater integration is the need for improved energy efficiency and reduced emissions of carbon dioxide and other pollutants. 
Conclusions
The paper has looked at some of the latest technologies available for DP systems. So what are the control challenges for DP systems?
For measurements systems, the requirement for at least three fully-independent measurements of position remains a challenge in very deep water. With oil exploration attempting to reach depths of 3000 m and more there is a need for innovative thinking. At the same time, the approaching sunspot maximum is driving much research into reliability and fault tolerance.
For thrusters and power systems, there is strong downward pressure on size, weight and price of components. This pressure is driving new innovations such as the advance propulsion motor, which in turn provide new challenges for control engineers.
All the subsystems associated with DP are becoming more intelligent in themselves. This leads to an opportunity and a problem. Enhanced intelligence allows the subsystems to self-diagnose problems, to provide a greater level of information and even to make local decisions. However, this also leads to the problem: greater autonomy for local systems can undermine the safe operation of the DP if it is not carefully designed. It is perhaps ironic that the increased intelligence of local subsystems actually leads to greater integration of the parts, and greater complexity of the whole system. For example, GPS receivers provide a number of statistics on the quality of the position data they provide. This can be used by the DP system to enhance its use of the measurements, but that in itself requires greater complexity in the DP.
The operator of a DP system will never be removed from the control loop. There is too much that the DP system cannot know or decide. It is therefore imperative that the decision-making of the operator is supported in the most helpful way. In particular, information and advice to the operator during fault conditions must be clear and unequivocal where this is possible. Control engineers can help! Finally, no application of control, it seems, can escape the burning need to increase efficiency and reduce carbon emissions. Research into the least polluting DP systems has begun, but there is also an educational aspect, since the actions of operators fundamentally affect the operation of a DP system.
